A series of peracylated glycosamine-derived thioureas has been synthesized and its behavior as bifunctional organocatalysts has been tested in the enantioselective nucleophilic addition of formaldehyde tert-butyl hydrazone to aliphatic α-keto esters for the synthesis of tertiary azomethyl alcohols. Using the 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-β-D-glucosamine derived 3,5-bis-(trifluoromethyl)phenyl thiourea the reaction could be accomplished with high yields (75-98%) and moderate enantioselectivities (50-64% ee). Subsequent high-yielding and razemization-free tranformations of both aromatic-and aliphatic-substituted diazene products in one pot fashion provides a direct entry to valuable azoxy compounds and α-hydroxy-β-amino esters.
Introduction
Chiral non-racemic tertiary alcohols and derivatives bearing aryl or alkyl substituents at the stereogenic center are recurrent scaffolds in many bioactive molecules. The selected examples shown in Figure 1 include lactones Campothecin 1 and Tripranavir, 2 β-amino alcohol derivative SSR-241586, 3 Voriconazole, 4 and 2-substituted α-hydroxy-β-amino acids (isoserines) which are present in several taxoid-based anticancer agents. 5 The increasing interest in known or predicted biological properties exerted by 2-alkyl or 2-aryl substituted isoserine fragments, for example in conformationally restricted peptidomimetics, 6 contrast, however, with the narrow palette of available methodologies for the asymmetric synthesis of suitable precursors for such molecules. 7 Therefore, there is a strong interest in the introduction of molecular diversity based on functionalized tertiary alcohols. One straightforward approach relies on the asymmetric nucleophilic addition to ketones and derivatives. 8 During years, we have extensively investigated the nucleophilic reactivity of formaldehyde N,N-dialkyl hydrazones for the stereoselective introduction of single-carbon functional groups into several electrophilic substrates.
9
More recently, we have also exploited the superior performance of formaldehyde tert-butyl hydrazone (1) 10 in combination with organocalytic activations. 11 The asymmetric nucleophilic addition of 1 to aryl-substituted di-carbonyl compounds such as α-keto esters 2 (Scheme 1, A) 10a isatins, 10c and related bidentate electrophiles such as α-keto phosphonates 10d using BINAM-bis-urea as the organocatalyst provides densely functionalized azomethyl carbinols (formally hetero-carbonyl-ene products), which could be further 
Taxoids
transformed into enantioenriched tertiary α-aryl α-hydroxy aldehydes and derivatives thereof. In the originally proposed working model, a bifunctional behaviour by the organocatalyst results in the activation of both the hydrazone (via NHO=Chydrogen bonds) and the di-oxygenated electrophile (using a second urea unit as multiple H-bond donor), while the stereochemical outcome is explained by the relative bulkiness of the aromatic group, oriented away from the more crowded inner region of this ternary complex. In spite of the experimental support collected for this model when ethyl phenyl glyoxylate was used as the substrate, 10a preliminary experiments performed with aliphatic derivatives revealed a poorer enantioselectivity, suggesting a priori that any kind of π-π interactions might contribute to the stabilization of the transition state. Aiming to expand the scope and applicability of azomethyl tertiary alcohols 3, we report herein on the use of novel saccharide-based organocatalysts for accessing enantiomerically enriched alkyl-substituted products and their subsequent one pot transformations into azoxymethyl alcohols 4 and α-hydroxy-β-amino esters 5 (Scheme 1, B).
Results and discussion

Synthesis of alkyl-substituted azomethyl alcohols 3
Preliminary experiments towards alkyl-substituted adducts 3 were performed with commercially available ethyl 3-methyl-2-oxobutanoate (2a) as model substrate (Table 1) . At room temperature, the reaction of 1 with 2a afforded the azomethyl alcohol 3a at a reasonable rate (85% conversion after 2 h in toluene (entry 1). Cooling to -15 °C strongly decelerated the uncatalyzed reaction (entry 2), while a significant acceleration by the Schreiner`s thiourea I (10 mol%) was observed at this derived thiourea VIII was tested and the results revealed a slightly superior catalytic activity, reaching full conversion in a cleaner reaction, albeit in a low enantioselectivity (entry 10). The performance exhibited by catalyst VIII suggests that the carbohydrate unit might serve as a bulky-electron-withdrawing group, 13 increasing the acidity of thiourea and affording additional interactions with mono-alkyl hydrazone 1 via NH-O=C bonding (similar to that proposed in the BINAM-bis-urea) to the ester carbonyl groups. Considering this hypothesis, and the enormous modulation possibilities of carbohydrates as chiral scaffolds 14 we decided to synthesize and evaluate a small library of per-acylated hexosamine-derived organocatalysts placing a (thio)urea group at the C2 position ( Figure 2 ). To the best of our knowledge, (thio)ureas with this alternative design have not been evaluated in asymmetric organocatalysis. 15 These compounds were synthesized in good overall yields according to the general strategy depicted in Scheme 2. First, commercially available hexosamine hydrochlorides [D-glucosamine (6a) and D-galactosamine (6b)] were efficiently converted into 1,3,4,6-tetra-O-acyl-β-Dglycosamine hydrochlorides 8-10 following a three step procedure: a) amine protection employing p-anisaldehyde; b) standard esterifications; and c) removal of pmethoxybenzylidene group with HCl in acetone. Subsequently, the in situ generated free glycosamines were reacted with 3,5-bis-(trifluoromethyl)phenyl isocyanate or thiocyanate, to afford the corresponding urea IX and thioureas X-XIII in good overall yields (71-95%). Next, the new set of saccharide-based organocatalysts were tested in the model reaction (Table 2) . To our delight, D-peracetylated glucosamine-derived organocatalysts IX and X were more selective than VIII (entries 1-3), being thiourea X more active than urea IX, and affording (S)-3a in full conversion and a higher enantioselectivity (58% ee, entry 3). It is convenient to remark that, in contrast with catalysts II/III, good H-bond acceptor functionalities (the carbonyl groups) are available in both cases, so that the better performance of X can be explained by the higher acidity of the thiourea moiety. Notably, D-galactosamine derivative XI induced the lower selectivity within the series (entry 4). The stereoelectronic influence by different acyl groups was analyzed employing catalyst XII (per-benzoylated) and XIII (per-pivaloylated). Acceptable levels of activation, albeit low enantioselectivies, were observed in both cases (entries 5 and 6). Finally, poorer conversions and/or enantioselectivities were observed in solvents such as trifluorotoluene (entry 8), tert-butyl methyl ether (TBME, entry 8), n-hexane (entry 9) or CH 2 Cl 2 (entry 10). Thus, the model reaction revealed BINAM bis-urea III and Dglucosamine derivative X as the most selective and active organocatalysts, respectively. Consequently, the scope of the reaction with a range of alkyl-substituted α-keto esters was then explored employing both organocatalysts. The collected data (Table 3) indicates that the expected products (R)-3 were obtained with acceptable yields (60-88%) when catalyst III was used, although the enantioselectivities were highly dependent on the alkyl substituents (entries 1, 3, 5, 7, 9 and 11), dropping for those α-keto esters bearing linear alkyl chains [3a, R = i Pr (72% ee); 3b, R = Me (49% ee); 3c, R = n Pr (16% ee); 3d, R = n Hex (16% ee); 3e,R = Bn (50% ee); 3f, R = CH 2 CH 2 Ph (14% ee)]. ¶ On the other hand, faster and cleaner reactions catalyzed by X afforded products (S)-3 in good to excellent yields (75-98%) and moderate enantioselectivities (50-64% ee), without significant variations depending on the alkyl chain structures (entries 2, 4, 6, 8, 10 and 12). Substrate 2e carrying a benzyl substituent reacted much faster, reaching completion in shorter times (24 h ), even at -45 °C. In this case, both organocatalysts provided similar ee's (above 50% ee, entries 9 and 10). As limitation, a poorer reactivity was observed for tBu-substituted α-keto ester 2g (entries 13 and 14) . Even at 0 °C for prolonged reaction times, (S)-3g was obtained with 20% yield and 64% ee in presence of catalyst X. 
IX-XIII
Synthesis of azoxymethyl alcohols 4
The azoxy-containing natural products 17 constitute a small but growing family of compounds with varied biological activities, the common structural feature of which is the presence of an azoxy group (N=N→O). Compounds in this family include the antitumour agent valanimycin, the carcinogen elaiomycin, the antifungal agents maniwamycin A and azoxybacilin, and the nematocidal compounds jietacins A and B, among others ( Figure 3 ). The increasing interest in this class of bioactive compounds, however, contrasts with the lack of available reactions for the direct introduction of azoxy groups. In this context, oxidation of diazenes is a reasonably straightforward methodology, although the control of regioselectivity usually appears as an issue to overcome. 18 Previous studies performed in our laboratories, 10c,d however, revealed that the Noxidationtakes place selectively at the most hindered tertbutyl substituted nitrogen atom in similar derivatives. Therefore, we decided to explore the use of different oxidizing reagents for the regioselective N-oxidation of compounds 3 leading to azoxy compunds 4 ( Table 4 ). Azomethyl alcohol 3a toluene/CH 2 Cl 2 mixture (full conversion in 4 hours) or magnesium monoperoxyphthalate (MMPP) in a toluene/MeOH mixture (full conversion in 1 hour). It was found out that elimination of toluene after the addition step facilitates the isolation of product 4a in excellent yield (98% overall, 2-steps), with total regioselectivity and without racemization. Performing the addition with catalyst X in toluene at -15/-45 °C, followed by the optimized oxidation protocol, alkyl-substituted azoxymethyl alcohols (S)-4a-f were synthesized in good overall yields (77-98% over 2-steps) and moderate enantioselectivities (50-64% ee), consistent with those measured in their parent azomethyl alcohols 3 (entries 1-6). In the aromatic series, (R)-BINAM bis-urea III was used at lower temperatures (-30/-45 °C) for the first step to yield aryl-/heteroaryl-substituted azoxymethyl alcohols (R)-4g-k with several substitution patterns (entries 7-11) in high yields (79-90%) and enantioselectivities (85-90% ee).
Synthesis of α-hydroxy-β-amino esters 5
Azomethyl alcohols 3 proved to be also suitable precursors for quaternary α-hydroxy-β-amino acids (isoserines). The required transformation of the N-tert-butyldiazenylmethylene group of 3 into the aminomethyl group in 5 was accomplished via a one-pot tautomerization/hydrolysis/reductive amination sequence, as depicted in Scheme 4. Treatment of enantiomerically enriched diazene (S)-3a, with HCl in a biphasic H 2 O/Et 2 O medium, followed by simple L-L extractions afforded crude α-hydroxy aldehyde (S)-12a with a high degree of purity. Subsequent reductive amination using p-anisidine (PMPNH 2 ) and sodium cyanoborohydride (NaCNBH 3 ) in steps) and enantioselectivity consistent with the azomethyl alcohol precursor (S)-3a (entry 1, Table 5 ). Employing organocatalysts X or III for the asymmetric functionalization of alkyl-or aryl-substituted α-keto esters followed by the above discussed protocol in a pseudo one pot fashion, gave the targeted α-hydroxy-β-amino esters 5 in satisfactory overall yields (41-51%) and moderate to good enantiomeric excesses (Table 5) .
Conclusions
In summary, readily available per-acetylated β-D-glucosamine thiourea X appears as a competent organocatalyst for the asymmetric nucleophilic addition of formaldehyde tert-butyl hydrazone 1 to α-keto esters 2. Compared to previously established BINAM bis-urea III catalysts, these new family of bifunctional thioureas shows a fair catalytic activity and a complementary scope, enabling the obtention of aliphatic tertiary azomethyl alcohols 3 with high yields and moderate enantioselectivities. Both aromatic-and aliphatic-substituted products 3 have been employed as key precursors for the synthesis of biologically relevant azoxy compounds 4 and α-hydroxy-β-amino esters 5.
Experimental
Spectra were recorded at [ 
General procedure for the catalytic enantioselective reactions of tert-butyl hydrazone 1 with α-keto esters 2.
Formaldehyde tert-butyl hydrazone 1 (134 μL, 1.2 mmol) was added to a solution of α-keto ester 2 (0.6 mmol) and catalyst X or III (0.06 mmol) in toluene (0.6 mL) at the specified temperature (Tables 3-5 ).
The mixture was stirred for the time specified (TLC monitoring). Solvent was removed in vacuo. Flash chromatography (Toluene/EtOAc) afforded the corresponding azomethyl alcohols 3. Please do not adjust margins
Ethyl (S,E)-2-[(tert-butyldiazenyl)methyl]-2-hydroxy-3-methyl butanoate [(S)-
Ethyl (S,E)-2-benzyl-3-(tert-butyldiazenyl)-2-hydroxypropanoate [(S)
-
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General procedure for the synthesis of azoxymethyl alcohols 4.
Following the general procedure for the catalytic enantioselective reactions of hydrazone 1 (1.2 mmol) with α-keto esters 2 (0.6 mmol). After consumption of starting material, the solvent was removed in vacuo and the residue was dissolved in MeOH (2 mL), cooled to 0 °C, and MMPP (1.48 g, 5 equiv.) was added. The reaction mixture was stirred until consumption of the azomethyl alcohol 3 (tlc monitoring, 2-3 h.), diluted with H 2 O (5 mL), extracted with CH 2 Cl 2 (3 × 10 mL), dried over Na 2 SO 4 and concentrated in vacuo. The resulting residue was purified by flash chromatography (Toluene/EtOAc) to afford azoxymethyl alcohol 4.
[(S)-4a]: Yellow oil (154 mg, 98%). 45 (m, 1H), 2.11-2.03 (m, 2H), 1.48 (s, 9H) , 1.22 (t, J = 6.8 Hz, 3H). 
General procedure for the synthesis of α-hydroxy-β-amino esters 5
Following the general procedure for the catalytic enantioselective reactions of hydrazone 1 (1.2 mmol) with α-keto esters 2 (0.6 mmol). After consumption of starting material, the solvent was removed in vacuo and the residue was dissolved in Et 2 O (5.5 mL), cooled to 0 °C, and HCl (6 M, 2.5 mL) was added. The reaction mixture was allowed to warm to rt, stirred for 2 h, and extracted with Et 2 O (2 × 5 mL) and CH 2 Cl 2 (2 × 5 mL). The combined organic layer was dried over Na 2 SO 4 and concentrated in vacuo to afford α-hydroxy aldehyde 12. p-Anisidine (121 mg, 0.9 mmol) and NaCNBH 3 (88 mg, 1.4 mmol) were added to a solution of crude aldehyde in CH 2 Cl 2 (3 mL) at room temperature. The reaction mixture was stirred for 2-3 h, H 2 O was added and the mixture was extracted with CH 2 Cl 2 (3 × 5 mL). The combined organic layer was dried over Na 2 SO 4 and concentrated in vacuo. Flash chromatography (hexane/EtOAc) afforded the corresponding β-amino-α-hydroxyester 5. 
General procedure for the synthesis of diols 13
Following the general procedure for the catalytic enantioselective reactions of hydrazone 1 (1.2 mmol) with α-keto esters 2 (0.6 mmol). After consumption of starting material, solvent was removed in vacuo and the residue was dissolved in Et 2 O (5.5 mL), cooled to 0 ˚C, and HCl (6 M, 2.5 mL) was added. The reaction mixture was allowed to warm to room temperature and stirred for 2 h., then extracted with Et 2 O (2 x 5 mL) and CH 2 Cl 2 (2 x 5 mL). Organic phases were dried over Na 2 SO 4 and concentrated in vacuo to afford α-hydroxy aldehyde 12. 
